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Abstract 
Biaxial tension-tension cyclic loading tests were conducted with cruciform shaped specimens using AZ31 Mg alloy 
sheet, which produced by warm rolling. The residual stress of the sample surface can be obtained by in-situ 
measurement of x-ray under biaxial low cyclic loading. The surface fracture morphology of the cyclic load test 
specimens was examined by scan electron microscopy (SEM) and optical microscope. From the results, it was found 
that the compressive residual stress occurs at crack tip in Y-axis direction. Crack nucleation is earliest in the load 
ratio r=1. In addition, the crack initiation angle is different due to the coupling effect of KI and KII in mixed modes I 
and II for 45° case. The crack propagation rate was significantly influenced by the non-singular stress parallel to the 
crack when it was correlated to the stress intensity range. The surface of the case of 90° is similar to that of the case 
of 45°, and striation-like-patterns and twin boundaries were observed in the specimens. 
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1. Introduction 
Crack growth is a phenomenon of damage and separation of material ahead of crack under cyclic 
loading. When a material element is enveloped by the reversed plastic zone and the plastic strain exceeds 
a threshold value, it begins to experience fatigue damage. The deformation history of a material element 
after it enters the reversed plastic zone was discussed by Rice [1] and Weertman [2]. They used the 
Dugdale model to calculate the total absorbed plastic strain energy and assumed that the fatigue damage 
is proportional to this energy. However, the total plastic strain energy required to cause fatigue fracture is 
not a constant but increases with decreasing plastic strain amplitude [3, 4].  
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Above, all crack growth studies which have been reported are for uniaxial stress. The effect of non-
singular stress acting parallel to the crack plane on crack growth is one of the important problems of crack 
propagation in biaxial stress field [5, 6]. Some previous work indicated that the stress parallel to the crack 
plane does influence the crack growth rate [7, 8]. And now there is no general consensus how biaxial 
stress exerts on crack growth. 
In the present work investigate the crack progress behavior of the magnesium alloy sheet under 
uniaixal and biaxial stress. In this study, the low cycle loading experiment on AZ31B magnesium alloy 
sheet was conducted. The purpose of this study was to clarify crack generation from initially implemented 
crack tips (pre-crack), and crack progress process under various biaxial stress ratios. The residual stress at 
the vicinity of crack tip was discussion in this section. 
2. Experimental procedures 
2.1 Material and shape of specimen 
The material used in this study was a wrought magnesium alloy AZ31B sheet. The mechanical 
properties of AZ31B magnesium alloy are shown in Table 1. For the shape of specimen is show in Fig.1, 
a hole was created by end mill with 0.5 mm in diameter. Then, the both sides of crack tips to have the 
curvatures with 0.15 mm radius were processed. As a finish, the specimen as cross type of 50 mm in 
length and width, 10 mm in the width of the chuck, and 1.1 mm in a fillet radius was processed by a wire 
cutting machine. Angle value 90° which the angle between crack and rolling direction were chosen. The 
K value of the cruciform specimen with a center crack of 2a length along the X-axis was computed 
accurately by using the contour integral method combined with finite element method [9].  
Table 1 Tensile properties of AZ31B magnesium alloy 
Tensile strength 
ı
Young’s modulusYield strengthen 
ı Poisson’s ratio Ȟ Elongation /% s /MPa b /MPa E /GPa 
RD 166 229 22 0.31 16 
TD 173 243 22 0.30 20 
When K was normalized by )/(0y DaFa SV  ( : the Y-axis stress at the specimen center), its relation 
to the half crack length was rather insensitive to load biaxiality. It is given as [10]: 
0
yV
                                                                                                                (1) )/(0 DaFaK y  SV
where 
, 5432 )/(7299.11)/(4353.12)/(3316.5)/(4085.1)/(1079.09977.0)/( DaDaDaDaDaDaF  
and D is the diameter of the center portion. 
2.2 Biaxial low cycle load testing and stress measurement 
The residual stress distribution in the vicinity of crack tip of specimen under biaxial low cycle loading 
test was measured by x-ray stress analysis with conventional sin2ȥ method. The x-ray tube of Cr-KĮ type 
was operated at 40 kV and 30 mA with 0.5mm slit in diameter. The shift of the Mg (104) diffraction 
profile was detected at angles ȥ= 0°, 20.7°, 30°, 37.8°, 45°. The diffractive angle 2ș0 was 152°. The stress 
constant of the x-ray diffraction analysis was -78 MPa/°. The residual stress along the Y-axis direction 
was determined near the crack tip.  
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Fig.2 Experimental condition expressed by the load stress ratio of (a) r=0; (b) r=0.33; (c) r=0.5; (d) r=1. 
Table 2 Load strain in each load strain ratio 
r ( / ) 0xV 0yV 0 0.33 0.5 1 
0
xV  (MPa) 0 26.7 40 80 
 (MPa) 0
maxyV 80 80 80 80 
 (MPa) 0
minyV 8 8 8 8 
An exhaustive testing campaign was performed in order to obtain the mechanical behaviour of the 
AZ31B sheet under biaxial loading test with various stress ratios by using a miniature biaxial tensile test 
device, which was developed by Ju-Lab in Saitama Institute of Technology. We made Y-axis of the 
specimen as the rolling direction. The stress of X-axis and Y-axis are set to  and  , respectively. The 
experiment was conducted on conditions of the X-axis with tensile loading and Y-axis with low cycle 
loading under stress control, and the load ratio r= /  =0, 0.33, 0.5 and 1(Fig.2). The maximum value 
( ) and the minimum value ( ) of  and the value of are show in Table 2. It was used stress 
control with sinusoidal in shape on Y-axis direction, with the stress ratio of R= / =0.1, and the 
frequency of 0.1Hz. The surface fracture morphology of the cyclic load test specimens was examined by 
scan electron microscopy (SEM) and optical microscope to assess mode and origin of fracture. 
0V 0V
0V 0V
0V 0V 0V 0V
0V 0
x y
x y
xmaxy miny y
maxyVminy
3. Results and Discussion 
3.1 Stress distribution at near crack tip 
Figures 3a and b present the residual stress distribution in the vicinity of the crack tip for specimen 
subjected to a biaxial stress state in both cases at K  = 7 MPa m1/2I . From these figures it clearly apparent 
that the Y-axis component V  is compressive at the crack tip; their magnitude decreases with the ry
Fig.1 The shape of biaxial 
loading specimen.
 Fig.3 The residual stress distribution in the vicinity of the crack 
tip at ǻK (a) 90° case; (b) 45° case. = 7 MPa m1/2I
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increasing distance from the crack tip. At a greater distance the compressive stress gradually diminish. As 
seen these figures, the maximum stress level was observed at r=0 in 90° case (Fig.3a) and r=1 in 45° case 
(Fig.3b) at the crack tip, because the crack angle 45° assumed a mode that is a mixture of Mode-I and 
Mode-II when subjected to biaxial stress. At the distance of 1.0 mm from the tip, the  component was 
found to be very low. 
r
yV
3.2 Crack initiation and growth 
A series of these cracks were photographed using an optical microscope at suitable magnifications for 
subsequent analyses. Fig.4a, b and c show that typical small crack initiation in magnesium alloy (AZ31B) 
occurs at near notch root for 45° case. Small crack initiation is at 70 cycles with load ratio r=1 (Fig.4a), 
and the small crack initiation is at 120 cycles and 130 cycles with load ratios r=0.5 and 0.33, respectively 
(Fig.4b and c). A macroscopic crack nucleation is earliest in the load ratio r=1. In addition, the crack 
initiation angle is different due to the coupling effect of K  and KI II in mixed modes I and II for 45° case. 
The crack initiation angle is one of the key issues in predicting crack propagation path. 
 
Fig.4 The typical observation of small crack initiation properties near notch root for magnesium alloys for 45° case (a) After 70 
cycles, r=1; (b) After 120 cycles, r=0.5; (c) After 130 cycles. 
    
Fig.5 Crack length versus number of cycles with various loading ratios for (a) 90° case and (b) 45° case. 
Typical a versus N data with various load ratios for both cases are shown in Fig.5a and b. Commonly 
the shape of a versus N curve is one of constant rising slope for long cracks. But the plots in Fig.5 exhibit 
some plateau regions, which typical characteristic features of short crack growth behaviour.  
The low-magnification SEM images of the fracture surfaces of the AZ31B alloy for two cases with 
different load ratios are shown in Fig.6: (a) r=0 for 90° case; (b) r=1 for 90° case; (c) r=0.5 for 45° case 
and (d) r=1 for 45° case. From these figures, the ‘maximum’ crack lengths, at which the event of crack 
arrest could be detected in various load ratios, were found to be in the range of 390-410, 450-470, 290-
310 and 190-210 ȝm for r=0 for 90° case, r=1 for 90° case, r=0.5 for 45° case and r=1 for 45° case, 
respectively. These crack lengths can be considered to represent the transition point between the short and 
the long cracks in a material. The existence of a plateau region and its considerable extent indicates either 
crack arrest phenomenon for short cracks at barriers or the occurrence of the phenomenon of crack 
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threshold for a short or a long crack. Short extents of the above-mentioned plateau usually imply crack 
arrest at barriers whereas long extents are indicative of maximum short crack threshold or near long crack 
threshold. Since the duration of crack arrest is significant for the observed plateaus, these may be 
considered to represent the threshold conditions. The wide variations in the ‘maximum crack length’ at 
which crack arrest occurred in different load conditions be attributed to the coupling effect of K  and KI II in 
mixed modes I and II. 
 
 
Fig.6 Low-magnification SEM images of the fracture surfaces of the AZ31B alloy with the load ratios of (a) r=0 for 90° case; (b) 
r=1 for 90° case; (c) r=0.5 for 45° case and (d) r=1 for 45° case. 
 
Fig.7 The da/dN versus ǻK with various loading ratios for (a) 90° case and (b) 45° case. 
All crack length measurements were done in the primary direction of crack growth, i.e. normal to the 
edge of the specimen containing the notch. The crack growth rate (da/dN) was calculated by measuring 
the increment in crack length (da) in a specific interval and dividing it by the concerned number of load 
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cycle (dN). The stress intensity factor ahead of a crack tip depends on the geometry of the crack-specimen 
configuration and the nature of loading. The plots of crack growth rate (da/dN) versus ǻK for both cases 
with different load ratios are shown in Fig.7: (a) 90° case and 45° case. It is found that crack progress 
velocity is falling greatly in the cases of the load ratio r=0.5 for 90° case and the load ratio r=0 for 45° 
case. Moreover, in the ranges of 0.5h10-5̰da/dN̰0.5h10-4 m/cycle and 1h10-5̰da/dN̰1h10-4 
m/cycle, the relationship between log of da/dN and log of ǻK is depicted by the linear line with slope 
m=2. This is the evidence that Paris law holds in our experiments. 
4. Conclusions 
The crack propagation behaviors subjected to biaxial low cyclic loading with different load ratios of 
AZ31B alloys has been investigated. The main conclusions of this study are summarized as follows: 
(1) For 90º and 45º cases, Y-axis component  of the residual stress on the sample surface is 
compressive at the crack tip when subjected to biaxial low cyclic loading. 
r
yV
(2) Under biaxial stress state, the constant stress of X-axis ( ) has no influence on the crack growth 
path but effect on the crack initiation site. 
0
xV
(3) Striation-like-patterns were observed on the fracture surfaces in the specimens subjected to biaxial 
low cyclic load, although the load ratios were different. The striation-like-patterns result from the 
crystallographic texture and direction of the crack propagation, and they would be formed by the 
activation basal slip. 
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